We demonstrate the robustness of topological edge states in a photonic system of coupled microring resonators. Using direct imaging and transmission analysis, we show that the edge states are robust to lattice disorders. In the presence of a magnetic field, charged particles confined to two-dimensional (2D) structures exhibit interesting macroscopic quantum phenomena such as integer and fractional quantum Hall effects, and quantum spin Hall effect. These phenomena are also associated with the presence of robust, unidirectional, topologically protected edge states. Photonic systems simulating electronic edge states and quantum Hall physics at room temperature have been theoretically studied in [1] and recently demonstrated in [2] . The robust topological characteristics of these systems are expected to find useful applications in photonic integrated circuits and in quantum information processing [3] . Here we report the observation of robust nature of photonic edge states in a 2D array of coupled silicon microring resonators. We show that the edge states travel around a deliberately induced lattice defect without back-reflection. We also show that the transmission through edge states is less susceptible to lattice disorder when compared to a topologically trivial 1D array of ring resonators.
where J is the coupling rate between the on-site rings.â x,y andâ † x,y are the photon annihilation and creation operators at a main resonator site with indices x, y.
For an infinite lattice, the energy eigenvalues of this Hamiltonian form the famous Hofstadter butterfly pattern [1] . The eigenvalues group into allowed energy bands separated by band-gaps. For a finite lattice, these energy band-gaps are populated with states called edge-states. The edge states are quasi-one dimensional, clockwise (long egde) and counter-clockwise (short edge) propagating states with their wavefunction localized at the edge of the lattice. Analogous to their electronic couterparts, these photonic edge states are topologically protected, unidirectional and robust against lattice imperfections [1] . The states in the allowed energy bands are called the bulk states since their wavefunction occupies the resonators in the bulk of the lattice. For a 1D array of resonators, the Hamiltonian includes only the first two terms.
To experimentally demonstrate the robust nature of photonic edge states, we fabricated these ring resonator lattices using silicon-on-insulator (SOI) technology [2] . A lattice defect, in the form of a missing ring resonator, is introduced in the path of short edge state. Light output from an optical vector analyzer (OVA) with tunable laser source is coupled to the lattice at input port [2] . Edge states will be excited for some specific wavelength regions of the resonance pass-band of the lattice. The fabrication process inherently results in waveguide surface roughness, which leads to scattering of the propagating light. The scattering loss rate in a resonator is small compared to the coupling rate but is still large enough to allow direct imaging of the ring intensity. We use a microscope objective to couple the light scattered from resonator lattice and image it onto a CCD camera. This allows us to directly image the edge state wavefunction. Fig. 1(a, b) shows the observed and simulated intensity images. We observe that light traverses around the defect and is not scattered into the bulk of the lattice. In absence of topological protection, such an extreme defect would lead to back-reflection or scattering into the bulk. This indicates that the edge states are always confined to the edge of the lattice, due to the presence of topological order.
To further show the robustness of edge states, we analyze the transmission spectrum of different lattice sized 2D devices across a number of chips. The observed spectra for eight, 15×15 lattice sized devices are shown in Fig. 1(d) . As can be seen, in general the observed spectra are quite different due to random nature of fabrication induced disorders. But we can see the signatures of robustness in two regions with reduced variations across devices. Using transmission and delay time, we can identify these regions as long and short edge state regions [1] . To quantitatively show the robustness of edge states, we compare the mean transmission along edge states to that of a 1D array of coupled resonators. A plot of the transmission as a function of number of resonators travelled is shown in Fig. 1(e) . Clearly, in the presence of disorder, edge states have higher transmission than 1D array. The edge state transmission falls as (0.77±0.24)dB per ring whereas that in 1D array falls as (0.94±0.14)dB per ring. This again proves that the edge states are less prone to lattice disorders.
We have observed robust photonic edge states in a time-reversal symmetry preserving system of coupled microring resonators. By introducing a defect in the path of an edge state, we see the topologically protected nature of edge states in circumventing defects. Using transmission analysis, we have quantitatively shown that the edge states are less susceptible to disorder than 1D arrays.
